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Abstract Global atmospheric concentrations ofmethane (CH4), a powerful greenhouse gas, are increasing,
but because there are many natural and anthropogenic sources of CH4, it is difﬁcult to assess which sources
may be increasing in magnitude. Here we present a data set of δ2H-CH4 measurements of individual sources
and air in the Colorado Front Range, USA. We show that δ2H-CH4, but not δ
13C, signatures are consistent in air
sampled downwind of landﬁlls, cattle feedlots, and oil and gas wells in the region. Applying these source
signatures to air in ground and aircraft samples indicates that at least 50% of CH4 emitted in the region is
biogenic, perhaps because regulatory restrictions on leakingoil andnatural gaswells are helping to reduce this
source of CH4. Source apportionment tracers such as δ
2H may help close the gap between CH4 observations
and inventories, which may underestimate biogenic as well as thermogenic sources.
1. Introduction
Methane (CH4) is a potent greenhouse gas withmultiple natural and anthropogenic sources. Human activities
have increased atmospheric CH4 concentrations directly through biogenic processes such as cultivation of
ruminant cattle, rice agriculture, and landﬁlls; thermogenic CH4 is released as a consequence of the extraction
of fossil fuels [Kirschkeetal., 2013].Humanactivitiesmayalso indirectly increasebiogenicCH4emissions through
climatewarming and changingprecipitation,whichmay increaseCH4 emissions frompermafrost [Schuur et al.,
2015] and hypoxic lakes and reservoirs [Beaulieu et al., 2014; Saunois et al., 2016; Townsend-Small et al., 2016a].
Global CH4 concentrations are rising despite a hiatus in concentration growth rate in the beginning of this cen-
tury: some recent analyses have concluded that emissions from oil and gas operations are underestimated
[Miller et al., 2013; Brandt et al., 2014; Rice et al., 2016], but other studies have pointed to increased agricultural
intensiﬁcation or enhanced natural biogenic sources [Nisbet et al., 2016; Schaefer et al., 2016].
Methane emissions are estimated in two ways. “Bottom-up” techniques measure CH4 emission rate from
individual sources and then multiply the average emission by the number of sources [e.g., Lamb et al.,
2015; Marchese et al., 2015; United States Environmental Protection Agency, 2016]. Bottom-up measurements
can provide accurate data for individual sources but may miss the largest emitters [Zavala-Araiza et al.,
2015] and also do not address natural sources, including those that may be enhanced by human activities.
“Top-down” techniques involve the measurement of total regional emissions from a tower or aircraft
[Karion et al., 2013, 2015; Peischl et al., 2013, 2015]. This technique integrates multiple emissions sources,
but it is difﬁcult to distinguish different CH4 sources.
Reconciliation of bottom-up and top-down estimates generally either involves the use of emission inven-
tories to calculate the percentage of CH4 emissions from each sector [Pétron et al., 2014; Lyon et al., 2015;
Saunois et al., 2016] or the use of source apportionment tracers such as alkane ratios (generally ethane
[C2H6]:CH4) [Peischl et al., 2013; Smith et al., 2015] or stable isotope ratios (δ
13C and δ2H) [Townsend-Small
et al., 2012, 2015]. Ethane:methane and carbon-13 ratios have also been applied to global CH4 budgets
[Aydin et al., 2011; Kai et al., 2011; Simpson et al., 2012; Schwietzke et al., 2014; Nisbet et al., 2016; Rice et al.,
2016; Schaefer et al., 2016]. In general, biogenic and thermogenic processes impart distinctive 13C and 2H
signatures to emitted CH4 [Whiticar, 1999; Townsend-Small et al., 2012, 2015], and only thermogenic, not
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biogenic, CH4 sources are also sources of heavier alkanes such as C2H6 [Simpson et al., 2012; Townsend-Small
et al., 2015]. However, the isotopic and alkane composition of CH4 can vary based on thermal maturity and
whether it has been subject to oxidation [Whiticar, 1999; Osborn and McIntosh, 2010; Zumberge et al.,
2012]. Previous work has indicated that δ2H is a more consistent tracer of atmospheric fossil fuel CH4 sources
than δ13C [Townsend-Small et al., 2012], and that C2H6:CH4 in natural gas sources can be highly variable in a
single region, complicating the use of alkane ratios for CH4 source apportionment [Townsend-Small et al.,
2015; Lamb et al., 2016].
Here we present a data set of stable isotopic composition of CH4 sources in the Colorado Front Range and use
δ2H source signatures to constrain the proportion of biogenic and thermogenic CH4 to total emissions in the
region using samples taken both on the ground and via aircraft.
2. Methods
2.1. Study Area
The study area includes the city of Denver and smaller cities of Boulder, Fort Collins, Longmont, and Greeley,
with a combined population of over 2,000,000 people (Figure 1). These urban areas have landﬁlls, natural gas
distribution systems, and sewage/wastewater treatment plants that are sources of atmospheric CH4
[Townsend-Small et al., 2012]. Some landﬁlls in Colorado have controls on odor, smoke, and non-CH4 organic
carbon emissions, which may also reduce emissions of CH4, but older landﬁlls may not have emissions con-
trols (Figure 1). Wastewater treatment can be a signiﬁcant source of CH4 in urban areas, particularly if the
treatment process includes anoxic processes such as sludge digestion or denitriﬁcation [Schneider et al.,
2015]. The adjacent Denver-Julesburg Basin has ~ 100,000 oil and natural gas wells including conventional,
abandoned, and unconventional hydraulic fracturing wells [Colorado Oil and Gas Conservation Commission,
2016]. Finally, there are large dairy and beef feedlots in the northeastern part of the Denver area. Cattle
and dairy are the two largest agricultural commodities in Colorado, and the top ﬁve counties in terms of agri-
cultural sales (Weld, Yuma, Morgan, Logan, and Kit Carson) are all located in our study area [United States
Department of Agriculture, USDA, 2016]. The most recent USDA Census of Agriculture [2012] indicates there
are more than 1.3 million cattle and calves in these ﬁve counties [United States Department of Agriculture,
USDA, 2012]. There are presumably few natural CH4 sources, as the region is semiarid with no ﬂooded soils
or wetlands, although there are reservoirs, which may emit biogenic CH4 [Beaulieu et al., 2014].
Oil and gas well locations are taken from the Colorado Oil and Gas Conservation Commission (http://cogcc.
state.co.us) as of May 2016. Producing wells are shown in red points in Figure 1; other categories of oil and
gas wells are in blue. Other categories include abandoned, active, closed, dry, drilling, injecting, plugged
and abandoned, shut in, and temporarily abandoned, as well as wells in the active drilling phase and waiting
for well completions. Data for locations and permitted sizes (where available) of cattle feedlots, landﬁlls, and
wastewater treatment plants are from the Colorado Department of Public Health and Environment (Figure 1).
2.2. Sample Collection
Sampling occurred in July and August 2014 as part of the National Center for Atmospheric Research (NCAR)
Front Range Air Pollution and Photochemistry Experiment (FRAPPÉ) campaign in conjunction with the NASA
DISCOVER-AQ campaign. Three different types of whole air samples were collected: (1) samples upwind and
downwind of known CH4 sources (Figure S1 in the supporting information), (2) samples at ﬁxed ground loca-
tions (Golden, Platteville, Chatﬁeld, and Rocky Mountain National Park; Figure 1), and (3), aircraft samples
taken aboard the NCAR C-130. Ground samples were collected using an oil-free bellows pump in 2 L stainless
steel canisters that were preevacuated to 102 Torr, with sampling times of about ~1min. Aircraft samples
were taken in stainless steel preevacuated canisters using the Advanced Whole Air Sampler (https://www.
eol.ucar.edu/instruments/advanced-whole-air-sampler). Aircraft canister ﬁlling times were from 5 to 15 s
and therefore represent an average of air composition over the distance that the aircraft covered while the
canister was open. Aircraft samples for isotopic analysis were chosen to represent samples from upwind
and downwind of the region along a range of CH4 concentrations.
Sampleswere takenontheground fromthree typesofCH4sources: oil andgas sources (n= 32), landﬁlls (n=18),
and cattle (n= 14) (Figure S1). Oil and gas samples were taken throughout the high-density extraction area in
Weld County. These samples include canisters ﬁlled downwind of production, gathering, processing, and
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pipeline sites, as well as several samples downwind of processing and produced water disposal sites. Landﬁll
samples were taken in Weld and Larimer counties. Cattle samples were taken near several large feedlots in
Morgan andWeld counties and represent CH4 emitted directly from cattle as well as that produced in manure
disposal pits. In all three cases, samples were taken both upwind and downwind of the sources for better attri-
bution of source signatures. We also took triplicate samples of at least one sample from each source category;
our isotopic measurements were within the instrument reproducibility for each set of triplicate samples.
We also took samples throughout the campaign at three ﬁxed ground sites and throughout Rocky Mountain
National Park. Sites at Golden, Platteville, and Chatﬁeld corresponded with aircraft sampling spirals in the
DISCOVER-AQ campaign. The Platteville site (n=35) is surrounded by both oil and gas activity and cattle
feedlots (Figure 1). Golden (n= 73) is located in the foothills of the Front Range directly to the west of
Denver, with very little oil and gas activity or cattle present (Figure 1). Samples at these two sites were taken
during NASA ﬂight spirals throughout July and August of 2014. The ground site at Chatﬁeld Reservoir is an
air quality monitoring station operated by the Colorado Department of Public Health and Environment
(http://www.colorado.gov/airquality/report.aspx), and we report data from six samples taken at this site
on 26 to 27 July 2014. The Golden and Chatﬁeld sites are located near landﬁlls and wastewater treatment
plants (Figure 1). Samples were taken throughout Rocky Mountain National Park (n=30) at a variety of
altitudes and locations throughout the campaign.
Figure 1. Map of the study area with oil and gas wells, landﬁlls, wastewater treatment plants, and cattle feedlots. Inset map shows the location in northeastern
Colorado. Also shown are ground sampling sites (black stars) at Platteville, Rocky Mountain National Park, Chatﬁeld, and Golden. Dairy and beef feedlots are
depicted with the maximum permitted head. Wastewater treatment plants are shown in sizes relative to the volume of waste treated (millions of gallons per day).
Landﬁlls are categorized according to whether CH4 emissions are controlled. Producing oil and gas wells are shown in red, all other wells (inactive, abandoned,
drilling, and permitted) are shown in blue.
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2.3. Sample Analysis
Methane concentrations were measured via gas chromatography (GC) ﬂame ionization detection at the
University of California, Irvine, with a precision of 0.1% and an accuracy of 0.1% andwith calibration standards
linked to National Institute of Standards and Technology and subject to frequent intercalibration [Townsend-
Small et al., 2015]. Methane concentrations in ﬂight canisters were notmeasured via GC; these values were cal-
culated using continuous CH4 measurements made during ﬂights via cavity ring down spectroscopy (CRDS)
using a Picarro G1301-f, which has a precision of< 1 ppb for CH4. The 1 s data from the CRDS instrument were
averaged over the time period that canisters were open for sampling. Subsamples of each canister were trans-
ferred via vacuum line for aircraft samples or, for pressurized samples, manually via syringe to preevacuated
12mL glass vials for stable isotopic analysis of CH4 via isotope ratio mass spectrometry (IRMS) at the
University of Cincinnati [Yarnes, 2013]. Isotope ratios are expressed in delta notation with respect to Vienna
Peedeebelemnite (for 13C)andViennaSMOW(for 2H) standards. The IRMS instrument iscalibratedseveral times
daily with standards bracketing the isotopic composition of samples and with standards matched to the con-
centrationof samples toavoid linearity issues. The reproducibilityofδ13Candδ2H is0.2‰and4‰, respectively.
2.4. Data Analysis and Statistics
We determined isotopic composition of three categories of CH4 sources (oil and gas, landﬁlls, and cattle)
using the “Keeling plot” technique, where δ13C or δ2H composition of CH4 from individual source samples
is plotted against the reciprocal of the CH4 concentration in each sample, and where the y axis intercept of
a signiﬁcant regression line indicates the isotopic composition of the CH4 source [Keeling, 1958, 1961;
Pataki et al., 2003]. We used the Model II standard major axis regression technique to estimate the intercept
values for each source and then used the 95% conﬁdence interval estimate of the intercept from the Model I
regression (also known as the ordinary least squares regression) for uncertainty analysis [Pataki et al., 2003].
The same techniques were used for source apportionment for samples from ﬁxed ground and aircraft sites.
Because intercept conﬁdence intervals were larger for ﬂights and ﬁxed ground sites than for CH4 sources,
standard errors for each ﬂight and ﬁxed ground site were used for calculating ranges of possible source con-
tributions. Statistical analyses were done in R using the lmodel2 package [Legendre, 2013]. Previous studies
have also applied other statistical tools to combat heteroscedasticity, or the change in relative error of isoto-
pic measurements with changing CH4 concentration [Zazzeri et al., 2015], but, as described above, our
method includes calibration steps that eliminate these correlated errors.
3. Results and Discussion
3.1. Source Signatures
Isotopic composition of the three main CH4 sources is shown in Figure 2. There was a signiﬁcant relationship
(p< 0.05) between isotopic composition and 1/[CH4] for all sources and isotopes, except for δ
13C-CH4 of oil
and gas sources (Figure 2). We have previously observed this pattern of δ13C-CH4 from natural gas mixed with
air [Townsend-Small et al., 2015], likely due to the similarity of natural gas δ13C signatures to background atmo-
sphericCH4 (~47‰), so thatsmall changes inboundary layerheightandbackgroundconcentrationsdiminish
theability toconsistentlydistinguishsourcesignatures frombackgroundair.Naturalgasproduced in the region
has δ13C values ranging from40‰ to50‰ [Sherwood et al., 2016], consistent with our results (Figure 2b).
Methane from oil and gas sources had a δ2H of209‰ 9‰ (Figure 2a), generally consistent with previous
studies of thermogenic CH4 [Whiticar, 1999]. Our ﬁnding of a narrowly deﬁned end-member (218 to
200‰) is somewhat surprising, although we found a similar pattern in the Barnett Shale [Townsend-
Small et al., 2015]. The stable isotopic composition of natural gas can vary based on thermal maturity and
reservoir depth and age, even within a single geographic region [Osborn and McIntosh, 2010]. However,
we attribute our consistent δ2H-CH4 results to the predominance of a single formation, the Niobrara Shale,
in current natural gas production in the Front Range [Pétron et al., 2014]. More work is needed to conﬁrm
whether δ2H-CH4 is consistent in natural gas in the region, including direct measurements and sampling from
production sites in the Niobrara Shale and other formations in the Denver Basin.
BiogenicCH4emittedfromlandﬁlls (δ
2H =290‰ 4‰, Figure2c)andcattle feedlots (δ2H =302‰ 16‰,
Figure2e)was depleted in 2H relative to natural gas CH4. The δ
2H signatures for the two biogenic sources are
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close to within 4‰, the reproducibility of our measurement method, of each other; therefore, biogenic
sources are lumped together with a δ2H of 296‰ 16‰ for regional source apportionment.
Regressions on Keeling plots for δ13C of CH4 from landﬁlls and feedlots were also signiﬁcant, with source
signatures of 58.1‰ 1.4‰ and 56.2‰ 1.2‰, respectively (Figures 2d and 2f). δ13C and δ2H end-
members for biogenic CH4 in the Front Range are similar to values for these sources in other regions
[Cicerone and Oremland, 1988; Whiticar, 1999; Townsend-Small et al., 2012, 2015].
3.2. Source Apportionment at Ground Sites
Percent of biogenic (landﬁll and cattle, average δ2H =296‰) and thermogenic (oil and gas, δ2H =209‰)
CH4 sampled at each ﬁxed ground monitoring site was assessed using Keeling plots of δ
2H (Figure 3). There
Figure 2. Keeling plots of δ13C and δ2H composition of CH4 versus 1/CH4 (ppm
1) collected downwind of (a and b) oil and
gas, (c and d) landﬁll, and (e and f) cattle sources. Each point represents an individual sample.
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was a signiﬁcant relationship (p< 0.05) between δ2H and the inverse of CH4 concentration at three sites, with
δ2H end-members of 256‰ 13‰, 365‰ 69‰, and 297‰ 74‰ at Platteville, Golden, and
Chatﬁeld, respectively (Figure 3). This corresponds to 54% of CH4 observed in Platteville of biogenic origin,
with a range (calculated using 95% conﬁdence intervals of the intercept) of 39% to 69% biogenic CH4. For
the Golden site, the intercept was lower than the observed signature of biogenic CH4, with a range of percent
biogenic CH4 between 100% and 259%, indicating that oxidation of biogenic CH4 in the atmosphere contri-
butes to lower isotopic values observed at this site [Townsend-Small et al., 2012]. Similarly, at the Chatﬁeld
site, where conﬁdence intervals were also high, we ﬁnd a range of percent biogenic CH4 at this site ranging
from 16% to 186%, with a mean value of 100% biogenic CH4. There was a signiﬁcant relationship of δ
13C with
1/CH4 at the Platteville and Chatﬁeld sites (but not in Golden), although with less robust correlation coefﬁ-
cients, but it is difﬁcult to calculate the exact proportion of biogenic and thermogenic sources without a ﬁrm
end-member for natural gas δ13C in the basin (Figure S2).
Samples taken throughout the campaign in Rocky Mountain National Park had a signiﬁcant relationship
between both isotopes and the inverse of CH4 concentration (p< 0.05), and both the δ
2H and δ13C end-
members were below the range of measured biogenic CH4 (Figure S3).
While the Platteville site is in an area with large numbers of oil and gas wells, there are also several large cattle
feedlots in the area (Figure 1). In Golden, farther from oil and gas activity, there are several landﬁlls and a large
wastewater treatment plant nearby (Figure 1). Chatﬁeld is located farthest from oil and gas activity and near a
drinking water and ﬂood control reservoir, which may be a source of biogenic CH4 [Beaulieu et al., 2014;
Townsend-Small et al., 2016a], particularly in the summer months when hypoxia is present [Chatﬁeld
Watershed Authority, 2016].
Figure 3. (a–c) Keeling plots of δ2H composition of CH4 at three ground sites in the Front Range (sampling locations are
shown in Figure 1). (d) δ2H-CH4 for samples taken during aircraft ﬂights within the Front Range. All ﬂights shown are sig-
niﬁcant at p< 0.05. Flight tracks can be viewed using the following link: http://www-air.larc.nasa.gov/missions/discover-aq/
kmz/FRAPPE_C130_2014_ALL_July26-August18.kmz. Source CH4 end-members for ﬂight samples are shown in Table S1.
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3.3. Source Apportionment From Aircraft Flights
There were 10 campaign ﬂights categorized as “emission” ﬂights, where the C-130 ﬂew parallel to the Front
Range at various distances east of the continental divide (see supporting information). Of the ﬂights with
samples in the Front Range only, four had a signiﬁcant (p< 0.5) relationship of δ2H versus 1/[CH4]: RF03,
RF05, RF06, and RF14, with y intercepts (95% CI) of 362‰ 101‰, 303‰ 71‰, 362‰ 152‰,
and 421‰ 152‰, respectively (Figure 3d and Table S1). These results indicate that CH4 in the region
is between 27% and greater than 100% biogenic CH4. Two other “emission” ﬂights where δ
2H was not
measured, RF11 and RF12, have y intercepts corresponding with δ13C values of 54.0‰ 2.3‰ and
51.8‰ 1.2‰, respectively (Table S1), close to δ13C values of biogenic CH4. These data indicate that,
despite the high number of oil and gas wells in the area, biogenic sources still account for a signiﬁcant
portion of CH4 emissions. The variability in composition between ﬂight days may represent normal daily
variations in oil and gas emissions, which, unlike CH4 emissions from cattle and landﬁlls, are generally
dominated by a few large, short-term sources [e.g., Lamb et al., 2015; Zavala-Araiza et al., 2015].
Two other ﬂights with samples taken outside of the study area in northeastern Colorado include RF09 and
RF10, including portions of western Nebraska and southeastern Colorado. These ﬂights have similar δ2H
end-members to samples taken within the Front Range (Table S1), indicating greater than 100% (range = 7%
to 211%) and 61% (range 0% to 153%) biogenic CH4, respectively.
Interestingly, data from two aircraft ﬂights indicated that nearby basins have a larger proportion of thermo-
genic CH4 than in the Front Range. In ﬂight RF08, which included the Piceance basin of northwestern
Colorado and portions of the Uintah Basin in eastern Utah, δ2H measurements indicated a source signature
of245‰ 102‰ (Table S1), indicating a larger portion (59%) of thermogenic CH4 than in aircraft samples
taken in the Front Range only (see above). A similar ﬂight path later in the campaign (RF15) showed similar
results, with a y intercept of269‰ 38‰ (Table S1). A previous study in the Uintah basin indicated a high
leak rate from oil and gas operations and also suggested a higher leak rate in the Piceance basin relative to
the Denver-Julesburg basin [Karion et al., 2013]. That study also indicated that the Uintah basin had lower CH4
emissions from cattle than the Denver-Julesburg basin [Karion et al., 2013; Pétron et al., 2014].
Flight RF04 also includes samples from outside the Denver-Julesburg basin, including in the Green River basin
of southeastern Wyoming. The δ2H end-member for samples collected on this ﬂight has a strong biogenic
signal (465‰ 306, Table S1). This may be indicative of cattle ranching in this area. There are also coalbed
CH4 wells and coal mines in this area, which may be a source of biogenic CH4 [Townsend-Small et al., 2016b].
There are few studies of CH4 sources in this area, but the San Juan basin in southwestern Colorado is a large
source of biogenic coalbed and natural gas CH4 [Kort et al., 2014; Arata et al., 2016].
3.4. Methane Emissions in the Colorado Front Range
Results from aircraft samples and ground sampling sites in the Front Range are in good agreement, showing
that biogenic CH4 comprised about 50% of total CH4 observed in the active oil and gas extraction region, with
a larger proportion of biogenic CH4 in regions farther from active drilling regions, including urban and south
suburban Denver. These results indicate that thermogenic CH4 emissions may be declining in the Colorado
Front Range, as a previous study (using alkane ratios for thermogenic CH4 source apportionment and inven-
tory data for biogenic CH4 sources) estimated that only 27% of CH4 emissions in Weld County (location of our
Platteville sampling site) were biogenic [Pétron et al., 2014]. This decline may be due to increased inspection
and leak repair at oil and gas production sites or reduced production rates in response to declining oil and
natural gas prices.
Other studies in the Front Range have used VOC concentrations to compare urban, agricultural, and oil and
gas sources of air pollution. For example, previous studies have used the ratio of i-pentane to n-pentane in air
to show that oil and gas infrastructure, not urban vehicular emissions, is the dominant source of these alkanes
in the Denver area [Gilman et al., 2013; Swarthout et al., 2013]. Other studies have measured VOCs in the
Platteville region and found that oil and gas signatures dominated there [Thompson et al., 2014; Halliday
et al., 2016], implying that oil and gas sources may be the dominant source of CH4 as well. These studies
are valuable because many VOCs can have direct and indirect implications for human health [Colborn
et al., 2014; Marrero et al., 2016]. However, because these methods do not include tracers of biogenic CH4,
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it can be problematic to use hydrocarbonmeasurements as proxies of CH4 sources. For example, our previous
work has shown that the ratio of CH4 to other alkanes can be variable within a single basin, particularly basins
that have a combination of wet gas, dry gas, and oil wells [Townsend-Small et al., 2015]. For this reason, the
δ2H composition of CH4 may be a more accurate tracer of CH4 sources.
One caveat to the utility of δ2H composition of CH4 for source apportionment is that, as mentioned above, oil
and gas extraction can be a source of biogenic and thermogenic CH4, and biogenic coalbed CH4 can also
escape via natural seepage or during coal mining [Zazzeri et al., 2015]. Biogenic coalbed gas is a source of
CH4 in groundwater in oil and gas extraction regions of Colorado [Sherwood et al., 2016], and there is active
coalbed CH4 extraction in southwestern Colorado and southern Wyoming [Kort et al., 2014; Arata et al., 2016].
Furthermore, legacy wells in Colorado are a source of both biogenic and thermogenic CH4 [Townsend-Small
et al., 2016b], and drilling through subsurface coal formations may release coalbed CH4 [Caulton et al., 2014].
However, in the 33 samples we collected downwind of oil and gas facilities in the Front Range (Figures 2a and
2b), we did not detect a strong biogenic signature. More work is needed on the relative contributions of bio-
genic and thermogenic CH4 to total CH4 emissions from oil and gas regionally and globally, as emissions of
biogenic coalbed CH4 will also decrease the effectiveness of other source apportionment techniques such as
C2H6:CH4. Additional sampling of CH4 from natural gas supply chain activity in the Front Range, including
direct measurements, could determine if natural gas with a depleted isotopic signature [e.g., Osborn and
McIntosh, 2010] is prevalent in the region.
3.5. Implications for Regional and Global CH4 Sources
Our results indicate two possible conclusions. Previous studies of CH4 emissions in the region may have
underestimated the contribution of biogenic sources. Alternatively, thermogenic CH4 emissions have
decreased in the area either in response to regulatory constraints and more frequent inspection of oil and
gas wells with subsequent leak repair or due to lower production rates triggered by falling oil and natural
gas prices. If the former case is true, top-down studies in this and other regions may have overestimated
the contribution of thermogenic CH4, particularly if those studies have used δ
13C or hydrocarbon ratios to
estimate thermogenic contributions. Additional studies utilizing δ2H to distinguish CH4 sources are needed
regionally and globally: if biogenic CH4 emissions are underestimated [e.g., Nisbet et al., 2016; Schaefer
et al., 2016], these studies may help to close the gap between bottom-up and top-down studies [e.g., Miller
et al., 2013; Brandt et al., 2014]. Because increasing sensitivity of isotope ratio mass spectrometry methods
has led to smaller volume requirements for CH4 isotope analysis, we can now analyzemany samples in a short
period of time, which allows for a new look at δ13C and δ2H signatures of CH4 sources as well as changing
atmospheric CH4 concentrations.
References
Arata, C., T. Rahn, and M. K. Dubey (2016), Methane isotope instrument validation and source identiﬁcation at Four Corners, New Mexico,
United States, J. Phys. Chem., 120, 1488–1494, doi:10.1021/acs.jpca.5b12737.
Aydin, M., K. R. Verhulst, E. S. Saltzman, M. O. Battle, S. A. Montzka, D. R. Blake, Q. Tang, and M. J. Prather (2011), Recent decreases in fossil-fuel
emissions of ethane and methane derived from ﬁrn air, Nature, 476, 198–201, doi:10.1038/nature10352.
Beaulieu, J. J., R. L. Smolenski, C. T. Neitch, A. Townsend-Small, and M. S. Elovitz (2014), High methane emissions from a mid-latitude reservoir
draining an agricultural watershed, Environ. Sci. Technol., 48, 11,100–11,108, doi:10.1021/es501871g.
Brandt, A. R., et al. (2014), Methane leaks from North American natural gas systems, Science, 343, 733–735, doi:10.1126/science.1247045.
Caulton, D. R., et al. (2014), Toward a better understanding and quantiﬁcation of methane emissions from shale gas development, Proc. Natl.
Acad. Sci. U.S.A., 111, 6237–6242, doi:10.1073/pnas.1316546111.
Chatﬁeld Watershed Authority (2016), 2015 Annual Report. [Available at https://www.colorado.gov/paciﬁc/sites/default/ﬁles/
ChatﬁeldAR2015.pdf.]
Cicerone, R. J., and R. S. Oremland (1988), Biogeochemical aspects of atmospheric methane, Global Biogeochem. Cycles, 2, 299–317,
doi:10.1029/GB002i004p00299.
Colborn, T., K. Schulz, L. Herrick, and C. Kwiatkowski (2014), An exploratory study of air quality near natural gas operations, Hum. Ecol. Risk
Assess., 20, 86–105, doi:10.1080/10807039.2012.749447.
Colorado Oil and Gas Conservation Commission (2016), Production data inquiry. [Available at http://cogcc.state.co.us/data.html#/cogis.]
Gilman, J. B., B. M. Lerner, W. C. Kuster, and J. A. de Gouw (2013), Source signature of volatile organic compounds from oil and natural gas
operations in Northeastern Colorado, Environ. Sci. Technol., 47, 1297–1305, doi:10.1021/es304119a.
Halliday, H. S., A. M. Thompson, A. Wisthaler, D. R. Blake, R. S. Hornbrook, T. Mikoviny, P. Eichler, E. C. Apel, and A. J. Hills (2016), Atmospheric
benzene observations from oil and gas production in the Denver-Julesburg Basin in July and August 2014, J. Geophys. Res. Atmos., 121,
11,055–11,074, doi:10.1002/2016JD025327.
Kai, F. M., S. C. Tyler, J. T. Randerson, and D. R. Blake (2011), Reduced methane growth rate explained by decreased Northern Hemisphere
microbial sources, Nature, 476, 194–197, doi:10.1038/nature10259.
Geophysical Research Letters 10.1002/2016GL071438
TOWNSEND-SMALL ET AL. HYDROGEN ISOTOPES IN THE FRONT RANGE 11,469
Acknowledgments
Funding for this project was supplied by
the Colorado Department of Public
Health and Environment, with addi-
tional resources from the NASA
DISCOVER-AQ project. Isotope instru-
mentation was funded by the National
Science Foundation (award 1229114).
We would like to thank Gabrielle Pétron
(NOAA) and Anne Thompson, Hannah
Halliday, and Bianca Baier (Penn State)
for their assistance with ground sam-
pling. The manuscript was also
improved thanks to the help of Steve
Pelikan (UC) and the comments of two
anonymous reviewers. All of the data in
this paper are available to the public at
http://www-air.larc.nasa.gov/missions/
discover-aq/discover-aq.html. Flight
tracks can be viewed in Google Earth
using the following link: http://www-air.
larc.nasa.gov/missions/discover-aq/
kmz/FRAPPE_C130_2014_ALL_July26-
August18.kmz. The authors declare no
conﬂict of interest.
Karion, A., et al. (2013), Methane emissions estimate from airborne measurements over a western United States natural gas ﬁeld, Geophys.
Res. Lett., 40, 4393–4397, doi:10.1002/grl.50811.
Karion, A., et al. (2015), Aircraft-based estimate of total methane emissions from the Barnett Shale region, Environ. Sci. Technol., 49,
8124–8131, doi:10.1021/acs.est.5b00217.
Keeling, C. D. (1958), The concentration and isotopic abundance of carbon dioxide in rural areas, Geochim. Cosmochim. Acta, 13, 322–334,
doi:10.1016/0016-7037(58)90033-4.
Keeling, C. D. (1961), The concentration and isotopic abundances of carbon dioxide in rural and marine air, Geochim. Cosmochim. Acta, 24,
277–298, doi:10.1016/0016-7037(61)90023-0.
Kirschke, A., et al. (2013), Three decades of global methane sources and sinks, Nat. Geosci., 6, 813–823, doi:10.1038/ngeo1955.
Kort, E. A., C. Frankenburg, K. R. Costigan, R. Lindenmaier, M. K. Dubey, and D. Wunch (2014), Four corners: The largest US methane anomaly
viewed from space, Geophys. Res. Lett., 41, 6898–6903, doi:10.1002/2014GL061503.
Lamb, B. K., S. L. Edburg, T. W. Ferrara, T. Howard, M. R. Harrison, C. E. Kolb, A. Townsend-Small, W. Dyck, A. Possolo, and J. Whetstone (2015),
Direct measurements show decreasing methane emissions from natural gas facilities and urban areas, Environ. Sci. Technol., 29,
5161–5169, doi:10.1021/es505116p.
Lamb, B. K., et al. (2016), Direct and indirect measurements and modeling of methane emissions in Indianapolis, Indiana, Environ. Sci.
Technol., 50, 8910–8917, doi:10.1021/acs.est.6b01198.
Legendre, P. (2013), lmodel2: Model II regression package, version 1.7-2. [Available at https://CRAN.R-project.org/package=lmodel2.]
Lyon, D. R., et al. (2015), Constructing a spatially resolved methane emission inventory for the Barnett Shale region, Environ. Sci. Technol., 49,
8147–8157, doi:10.1021/es506359c.
Marchese, A. J., et al. (2015), Methane emissions from United States natural gas gathering and processing, Environ. Sci. Technol., 49,
10,718–10,727, doi:10.1021/acs.est.5b02275.
Marrero, J. E., A. Townsend-Small, D. R. Lyon, T. Tsai, S. Meinardi, and D. R. Blake (2016), Estimating emissions of toxic hydrocarbons from
natural gas production sites in the Barnett Shale region of Northern Texas, Environ. Sci. Technol., 50, 10,756–10,764, doi:10.1021/acs.
est.6b02827.
Miller, S. M., et al. (2013), Anthropogenic emissions of methane in the United States, Proc. Natl. Acad. Sci. U.S.A., 110, 20,018–20,022,
doi:10.1073/pnas.1314392110.
Nisbet, E. G., et al. (2016), Rising atmospheric methane: 2007–2014 growth and isotopic shift, Global Biogeochem. Cycles, 30, 1356–1370,
doi:10.1002/2016GB005406.
Osborn, S. G., and J. C. McIntosh (2010), Chemical and isotopic tracers of the contribution of microbial gas in Devonian organic-rich shales
and reservoir sandstones, northern Appalachian Basin, Appl. Geochem., 25, 456–471, doi:10.1016/j.apgeochem.2010.01.001.
Pataki, D. E., J. E. Ehleringer, L. B. Flanagan, D. Yakir, D. R. Bowling, C. J. Still, N. Buchmann, J. O. Kaplan, and J. A. Berry (2003), The application
and interpretation of Keeling plots in terrestrial carbon cycle research, Global Biogeochem. Cycles, 17(1), 1022, doi:10.1029/2001GB001850.
Peischl, J., et al. (2013), Quantifying sources of methane using light alkanes in the Los Angeles basin, California, J. Geophys. Res. Atmos., 118,
4974–4990, doi:10.1002/jgrd.50413.
Peischl, J., et al. (2015), Quantifying atmospheric methane emissions from the Haynesville, Fayetteville, and northeastern Marcellus shale gas
production regions, J. Geophys. Res. Atmos., 120, 2119–2139, doi:10.1002/2014JD022697.
Pétron, G. A., et al. (2014), A new look at methane and nonmethane hydrocarbon emissions from oil and natural gas operations, J. Geophys.
Res. Atmos., 119, 6836–6852, doi:10.1002/2013JD021272.
Rice, A. L., C. L. Butenhoff, D. G. Teama, F. H. Röger, M. A. K. Khalil, and R. A. Rasmussen (2016), Atmosphericmethane isotopic record favors fossil
sources ﬂat in 1980s and 1990s with recent increase, Proc. Natl. Acad. Sci. U.S.A., 113(39), 10,791–10,796, doi:10.1073/pnas.1522923113.
Saunois, M., et al. (2016), The global methane budget: 2000–2012, Earth Syst. Sci. Data Discuss., doi:10.5194/essd-2016-25.
Schaefer, H., et al. (2016), A 21
st
-century shift from fossil-fuel to biogenic methane emissions indicated by
13
CH4, Science, 352, 80–84,
doi:10.1126/science.aad2705.
Schneider, A. G., A. Townsend-Small, and D. Rosso (2015), Impact of direct greenhouse gas emissions on the carbon footprint of water
reclamation processes employing nitriﬁcation-denitriﬁcation, Sci. Total Environ., 505, 1166–1173, doi:10.1016/j.scitotenv.2014.10.060.
Schuur, E. A. G., et al. (2015), Climate change and the permafrost carbon feedback, Nature, 520, 171–179, doi:10.1038/nature14338.
Schwietzke, S., W. M. Grifﬁn, H. S. Matthews, and L. M. P. Bruhwiler (2014), Natural gas fugitive emissions rates constrained by global
atmospheric methane and ethane, Environ. Sci. Technol., 48, 7714–7222, doi:10.1021/es501204c.
Sherwood, O. A., J. D. Rogers, G. Lackey, T. L. Burke, S. G. Osborn, and J. N. Ryan (2016), Groundwater methane in relation to oil and gas
development and shallow coal seams in the Denver-Julesburg basin of Colorado, Proc. Natl. Acad. Sci. U.S.A., 113(30), 8391–8396,
doi:10.1073/pnas.1523567113.
Simpson, I. J., M. P. S. Andersen, S. Meinardi, L. Bruhwiler, N. J. Blake, D. Helmig, F. S. Rowland, and D. R. Blake (2012), Long-term decline of
global atmospheric ethane concentrations and implications for methane, Nature, 488, 490–494, doi:10.1038/nature11342.
Smith, M. L., E. A. Kort, A. Karion, C. Sweeney, S. C. Herndon, and T. I. Yacovitch (2015), Airborne ethane observations in the Barnett Shale:
Quantiﬁcation of ethane ﬂux and attribution of methane emissions, Environ. Sci. Technol., 49, 8158–8166, doi:10.1021/acs.est.5b00219.
Swarthout, R. F., R. S. Russo, Y. Zhou, A. H. Hart, and B. C. Sive (2013), Volatile organic compound distributions during the NACHTT campaign
at the Boulder Atmospheric Observatory: Inﬂuence of urban and natural gas sources, J. Geophys. Res. Atmos., 118, 10,614–10,637,
doi:10.1002/jgrd.50722.
Thompson, C. R., J. Hueber, and D. Helmig (2014), Inﬂuence of oil and gas emissions on ambient atmospheric non-methane hydrocarbons in
residential areas of northeastern Colorado, Elementa: Sci. Anthropocene, 2, 1–17, doi:10.12952/journal.elementa.000035.
Townsend-Small, A., S. C. Tyler, D. E. Pataki, X. Xu, and L. E. Christensen (2012), Isotopic measurements of atmospheric methane in Los
Angeles, California, USA: Inﬂuence of “fugitive” fossil fuel emissions, J. Geophys. Res., 117, D07308, doi:10.1029/2011JD016826.
Townsend-Small, A., J. E. Marrero, D. R. Lyon, I. J. Simpson, S. Meinardi, and D. R. Blake (2015), Integrating source apportionment tracers into a
bottom-up inventory of methane emissions in the Barnett Shale hydraulic fracturing region, Environ. Sci. Technol., 49, 8175–8182,
doi:10.1021/acs.est.5b00057.
Townsend-Small, A., D. Disbennett, J. M. Fernandez, R. W. Ransohoff, R. Mackay, and R. A. Bourbonniere (2016a), Quantifying emissions of
methane derived from anaerobic organic matter respiration and natural gas extraction in Lake Erie, Limnol. Oceanogr., doi:10.1002/
lno.10273.
Townsend-Small, A., T. W. Ferrara, D. R. Lyon, A. E. Fries, and B. K. Lamb (2016b), Emissions of coalbed and natural gas methane from
abandoned oil and gas wells in the United States, Geophys. Res. Lett., 43, 2283–2290, doi:10.1002/2015GL067623.
United States Department of Agriculture (2012), 2012 Census of Agriculture, County-level data for Colorado. [Available at https://www.
agcensus.usda.gov/Publications/2012/.]
Geophysical Research Letters 10.1002/2016GL071438
TOWNSEND-SMALL ET AL. HYDROGEN ISOTOPES IN THE FRONT RANGE 11,470
United States Department of Agriculture (2016), Colorado fact sheet. [Available at http://www.ers.usda.gov/data-products/state-fact-sheets/
state-data.aspx?StateFIPS=08&StateName=Colorado.]
United States Environmental Protection Agency (2016), Inventory of U.S. greenhouse gas emissions and sinks: 1990–2014, EPA 430-R-16-002.
[Available at http://www.epa.gov/climatechange/ghgemissions/usinventoryreport.html.]
Whiticar, M. J. (1999), Carbon and hydrogen isotope systematics of bacterial formation and oxidation of methane, Chem. Geol., 161, 291–314,
doi:10.1016/S0009-2541(99)00092-3.
Yarnes, C. (2013), δ
13
C and δ
2
H measurement of methane from ecological and geological sources by gas chromatography/combustion/
pyrolysis isotope-ratio mass spectrometry, Rapid Commun. Mass Spectrom., 27, 1036–1044, doi:10.1002/rcm.6549.
Zavala-Araiza, D., et al. (2015), Reconciling divergent estimates of oil and gas methane emissions, Proc. Natl. Acad. Sci. U.S.A., 112,
15,597–15,602, doi:10.1073/pnas.1522126112.
Zazzeri, G., D. Lowry, R. E. Fisher, J. L. France, M. Lanoisellé, and E. G. Nisbet (2015), Plume mapping and isotopic characterization of
anthropogenic methane sources, Atmos. Environ., 110, 151–162, doi:10.1016/j.atmosenv.2015.03.029.
Zumberge, J., K. Ferworn, and S. Brown (2012), Isotopic reversal (‘rollover’) in shale gases produced from the Mississippian Barnett and
Fayetteville formations, Mar. Petrol. Geol., 31, 43–52, doi:10.1016/j.marpetgeo.2011.06.009.
Geophysical Research Letters 10.1002/2016GL071438
TOWNSEND-SMALL ET AL. HYDROGEN ISOTOPES IN THE FRONT RANGE 11,471
